ography and the ventricular endoscopic navigation technique with the purpose of identifying the position of blood vessels at the level of the median eminence to preserve them during endoscopic third ventriculostomy (ETV) procedures. 10 Transaqueductal navigation of the fourth ventricle with a flexible scope for diagnostic and treatment purposes gave us the opportunity to observe the fluorescent AP after intravenous injection of fluorescein sodium. 9, 12 An anatomical paradigm of a normal AP was created by obtaining 3D reconstructions using slices from cadaveric brainstems. Three-dimensional reconstructions allow a comprehensive view of the AP, showing its relationship to other structures of the fourth ventricle and indirectly marking its boundaries.
This study builds on our experience with fluorescein visualization of the AP and provides a comparison with images of anatomical sections and 3D reconstructions, to confirm the ability of fluorescence to precisely outline the portion of the AP that projects into the fourth ventricle.
methods
We reviewed all 25 cases of fluorescein-assisted neuroendoscopic procedures that have been performed at our institution since 2011. Only the 12 cases of transaqueductal fourth ventricle exploration were included in this study. There were 6 cases of obstructive hydrocephalus due to aqueductal functional substenosis; 2 cases of posthemorrhagic hydrocephalus; 1 case each of colloid cyst, third ventricle cyst, and tetraventricular hemorrhage; and 1 biopsy for a suspect hystiocytosis with cerebral localizations (Table 1) .
We used flexible scopes (2.5-mm or 3.5-mm diameter, Karl Storz) for all surgeries. The scope was set with 2 lenses, which could be switched to obtain inspection with either white light (for standard visualization) or blue light (for fluorescence visualization, D-light AF system; Karl Storz Endoscopy). A 14-F peel-away sheath was inserted, as usual, into the right frontal horn through a right precoronal bur hole positioned 2 cm from the midline. Systolic blood pressure was maintained at 120 mm Hg. The flexible scope was then introduced using a free-hand technique. Initially, the lateral, third, and fourth ventricles were inspected with the white light. After performing this initial inspection in the standard white light mode, we kept the endoscope outside the ventricle. A solution of 500 mg fluorescein sodium was then administered intravenously by the anesthesiologist, following the protocol used by ophthalmologists for retinal angiography. The protocol was submitted to the local ethics committee, and each patient provided signed informed consent. The ventricles were then neuroendoscopically inspected again using the fluorescence mode. Every time an adjustment of the position of the endoscope was required, the white light mode was set to avoid any damage to the ventricular walls. All procedures were entirely recorded and reviewed to define the precise pattern of fluorescence of any functionally active area, focusing in particular on the AP for morphological assessment.
The patients' MR images were reviewed to establish the extent of dilation of the fourth ventricle and Magendie foramen and their potential relationship with AP morphology. In those patients affected by either a cyst of the third ventricle or intraventricular hemorrhage, we assumed that the anatomy of the fourth ventricle was normal. In such cases, neuroendoscopic exploration of the fourth ventricle was required to aspirate potential colloid fragments or blood clots, to free the outlets of the ventricle itself.
From an anatomical point of view, the AP cannot easily be identified by the naked eye in postmortem specimens because its boundaries are not always well defined on direct visualization of the floor of the fourth ventricle. Thus, to compare the endoscopic appearance of the AP with its basic anatomical characteristics, we developed a 3D reconstruction of the AP created from transverse serial sections of a medulla oblongata obtained at autopsy. The brainstem was sampled within 36 hours of death from a patient without any brain-related pathology. It was fixed in 10% formalin for 10 days and was then transversally cut in blocks, which were embedded in paraffin. The block containing the AP was completely sectioned into serial 6-mmthick sections that were stained with Nissl. The 3D aspect of the AP was also reconstructed using the Visualization Toolkit, a software system for 3D computer graphics, image processing, and visualization. In each section used for reconstruction, the boundaries of the AP were delineated together with the limits of the floor of the fourth ventricle. The boundaries of the AP were defined according to those of Paxinos and Huang 21 and Tork 31 et al., as well as from previous studies of our research group. 15, 18, 22, 23 In particular, the delineation of the AP is quite easy on Nisslstained sections because of its particular structural characteristics. It consists of a loose network of neuroglia with high-density vascularization and a few small neurons, which is clearly defined from the near nervous tissue. The limits of the ventricular surface of the AP are also easily identifiable because of slight bulging of the structure and peculiar morphology of its ependymal cells, the so-called tanycytes, extending deep into the AP.
results
We identified the fluorescent AP in all cases. The AP appeared as 2 symmetrical leaves attached to the inferior angle of the floor of the fourth ventricle and caudally converging to the median line. After entering the fourth ventricle and when approaching the Magendie foramen in 5 cases, 2 symmetrical ocher areas were noted just lateral to the obex. The shape and the position of these areas explored using the white light mode might have led the surgeon to identify the areas as the AP. However, after activation of the fluorescent mode, the AP was clearly visible more dorsally, with its junction being immediately caudal to the canalis centralis medullaris. Fluorescence usually revealed the AP about 20 seconds after intravenous injection and lasted at least 1 minute. We observed some variations in both the shape and the size of the AP. In 2 cases of a colloid cyst of the third ventricle and intraventricular hemorrhage, the anatomy of the fourth ventricle was considered normal. In these cases, the pathology either did not affect the fourth ventricle (colloid cyst of the third ventricle) or it represented a temporary and acute dilation of a normal fourth ventricle (intraventricular hemorrhage). We noticed that in both cases the AP appeared as 2 short and thick leaves that were joined at the midline (Fig. 2, Video 1) . Conversely, long-standing hydrocephalus affecting other patients was thought to have chronically distorted the ventricles, resulting in a variation of the shape of the AP. In all but one of these cases the 2 leaves were either long and thin or split at the midline. In general, we distinguished at least 4 different anatomical patterns in terms of shape, based on the profile of the 2 symmetrical leaves, which can appear short and thick (n = 5); short and thin (n = 2); long, thin, and continuous (n = 3); or long, thin, and dashed (2). Moreover, the 2 leaves can be either joined at the midline (n = 9) or separated (n = 3) (Fig. 3, Video 2) . Microscopic study of the AP anatomy showed that in the craniocaudal progression the right and left parts of the AP approach each other and join together at their most caudal extensions (Fig. 4A-D) . This anatomical alignment gives rise to the 3D appearance shown in Fig. 4E and F, which confirms that the AP appears as 2 leaves caudally moving toward each other at their stalks. The 3D reconstruction was consistent with the normal endoscopic pattern of the AP as seen with fluorescence.
discussion
Indications for exploring the fourth ventricle during a neuroendoscopic approach have been expanded during the last few years, requiring not only an accurate knowledge of the fourth ventricle anatomy, but also the possibility of identifying clear landmarks for navigation. 9, 11, 13, 14 The AP is a V-shaped structure on the floor of the fourth ventricle diverging from its apex at the obex in a rostral direction, always overlying the nucleus of the solitary tract. 3, 25 Caudally, the AP can be observed bulging out from the rhomboid fossa 1-2 mm caudal to the opening of the central canal. As the fourth ventricle opens out, the bilateral prominences of the AP move dorsally and laterally in relation to the floor of the ventricle. 29 The AP is a circumventricular organ with no BBB, whose neurons are directly exposed to substances in the blood and tissue fluids. The circumventricular organs can be distinguished into 2 main groups: the neurosecretory structures, including the median eminence, the neurohypophysis, the pineal gland, and the sensory structures, including the subfornical organ, the organum vasculosum of the lamina terminalis, and the AP. The subcommissural organ is generally considered a specific circumventricular organ and is not included in the 2 groups mentioned above. 5, 16 The main function of the AP was unknown until half a century ago, when Borison and Wang showed its role in emesis. 2 The roles played by the AP in cardiovascular regulation, fluid balance, osmoregulation, and immunomodulation are more recent scientific findings. 4, 5, 17, 23, 24, 28, 30, 34 Duvernoy and Risold published macroscopic images of The AP has the appearance of arched wings opened on either side of the floor of the fourth ventricle, facing the Magendie foramen and diverging from the central canal upward. The AP seems medially to cover the hypoglossal nucleus and the vagal trigone and laterally to extend far over the nucleus of the solitary tract. 32 According to the classic nomenclature, the AP is delimited cranially by the funiculus separans, which separates it from the ala cinerea (dorsal motor vagal nerve), and caudally by the clava, which is technically outside the fourth ventricle. However, it is not easy to precisely detect the exact position of the AP in vivo. Some evidence for the identification of this organ in living subjects was reported in patients who underwent pre-and postcontrast (5 ml of Gadovist [gadobutrol, 1 mmol/ml]) 3T MRI examination performed to assess the presence of pituitary microadenomas. 6 During microneurosurgical procedures, the AP is rarely seen because it is mostly hidden in the calamus scriptorius and is covered by the obex. Consequently, direct and unquestionable surgical recognition of the AP in the rhomboid fossa within the complex framework of landmarks and structures contained therein has not been previously reported. Conversely, during transaqueductal neuroendoscopic navigation, the calamus scriptorius can be approached from the top downward, similar to a quill pen that is directed into the inkwell. 9, 12 For this reason, neuroendoscopy allows a clear and close visualization of the AP and central medullary canal, achieving a better definition of the position of the solitary tract nucleus, which lies below the AP, with clear advantages in terms of safety of the surgical procedure in the fourth ventricle. This newly reported observation was possible because the AP lacks a BBB. Fluorescein is normally prevented from crossing a competent BBB. When the BBB is damaged or absent as in the circumventricular organs, fluorescein freely flows in the interstitial space highlighting the AP. Because of these properties, fluorescein has become not only the standard agent for the study of a dam- aged BBB in laboratory animals, but is also an invaluable tool for ophthalmologists, who extensively use it during retinal fluorescence angiography. 7, 26, 27 We have previously reported that fluorescein combined with ventricular endoscopy allows visualization of the most important circumventricular organs, in particular the median eminence and the organum vasculosum of the lamina terminalis. 10 Navigation of the fourth ventricle with flexible endoscopes after fluorescein administration showed fluorescence staining of a well-defined area at the inferior extremity of the floor of the fourth ventricle, corresponding to the AP. The images obtained after fluorescein angiography and those obtained from 3D reconstructions have a definition that is comparable to that seen in Duvernoy and Risold's postmortem specimens.
3 Two of our patients with a normal fourth ventricle had features that were typical of the normal AP, based on descriptions in previously reported anatomical studies. In these 2 cases the fluorescent AP had the shape of 2 short and thick diverging leaves that were cranially separated and touched each other at the midline immediately caudal to the opening of the medullary central canal. Although there are no other methods to intraoperatively confirm our observations, at least 2 findings make us confident enough to assert that what we observed is indeed the AP. First, the shape outlined by fluorescence perfectly matches the previously published histological observations of the AP. Moreover, the morphological correspondence with the 3D reconstruction of the AP from microscopic sections confirmed that the structure stained with fluorescein was the AP itself and offered a paradigm of the normal anatomical appearance of the AP. Thus, the endoscopic use of fluorescein may provide an important clue for the study of the microsurgical anatomy of the inferior triangle of the fourth ventricle.
Wilson reported a clear anatomical variability in the human AP. 33 In some cases the 2 wings of the AP merge to form the roof of the central canal, while in others they do not join. Despite the small number of cases, we confirmed the anatomical variability of the AP, not only referring to the eventual junction between the 2 leaves, but also in terms of their shape and size. The observation that the AP can sometimes become lengthened, thin, and eventually uneven is particularly interesting. As Wilson hypothesized more than a century ago, it seems that the AP tends to adapt to the Magendie foramen morphology, especially in cases in which an enlargement of the fourth ventricle outlet is present. 33 We hypothesize that the change in the AP anatomy could be due not only to a mechanical stress (for example, hydrocephalus stretches the ventricular walls and therefore tends to separate the two leaves of the AP), but also to an adaptation in order to have a more functional surface and consequently better reciprocal receptorial functions between CNS, blood, and CSF. Further endoscopic and microscopic analyses of the AP anatomy should better consider the matter of variability in the anatomy of the AP.
It is difficult to foresee the practical value of these observations. Although Lindstrom and Brizzee reported 5 cases of surgical lesioning of the AP with resolution of intractable vomiting, the use of the AP as a target for functional neurosurgical procedures is currently only hypothetical. 8 However, the AP is a complex structure that regulates not only the vomiting reflex but also a number of other important functions. For this reason, we expect the AP to gain functional neurosurgical interest in the future. Although none of the patients in our series underwent surgery for tumor removal, a potential value of a clear visualization of the AP would be to avoid damage during surgery for fourth ventricle tumors. Tumors arising from the fourth ventricular floor, as ependymomas do, may be challenging. In such cases, fluorescence could help the surgeon to accurately outline and preserve the AP, and consequently to identify the layer of the ependymal surface. The AP is a firm structure for the surgeon trying to orientate him-or herself in the puzzle of the complex and only apparently similarly colored structures of the rhomboid fossa. In microneurosurgery, standard visual morphology rarely helps in identifying the anatomy of the fourth ventricle, which can hardly be determined without the valuable help of neuromonitoring. Our neuroendoscopic experience can be translated to microneurosurgery just by adding the proper filter and a blue light source to the microscope, providing a valuable landmark during surgery of the fourth ventricle. Further observations using fluorescence with the surgical microscope could better clarify the potential relationship between the morphological variations of the AP and its pathological features and functional properties.
conclusions
Fluorescence-enhanced inspection of the fourth ventricle accurately identifies the position of the AP, which is an important landmark during surgical procedures on the brainstem. Despite the limited number of cases in this report, evidence indicates that the normal anatomical appearance of the AP is that of 2 short and thick leaves that are joined at the midline. However, there can be great variability in terms of the structure's shape and size.
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